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The inter-relationship between oxygen and carbon dioxide, in sup-

porting the respiration of higher animals is a matter of fundamental

importance. Since experiments upon such forms are often difficult

to interpret, because of the number of uncontrollable factors involved,

single cells have been used in the present study in which the material

employed was Paramecium caudatwn and the fertilized eggs of Arbacia

punctulata.

Few investigations have been made concerning the effect of carbon

dioxide upon the oxygen consumption of protozoa or of marine eggs,

though Warburg (1910) observed no change in the respiration of fer-

tilized sea urchin eggs in the presence of a carbon dioxide tension of

15 mm. Hg, and Burfield (1928) reported that small amounts of carbon

dioxide profoundly decreased the rate of oxygen consumption of plaice

eggs. In these studies, however, oxygen was measured by the Winkler

method which, while accurate for the determination of dissolved oxygen
in solutions free of organic materials, is said to be untrustworthy for

egg suspensions (Heilbrunn, 1915; Warburg, 1914a). Moreover, the

presence of iron in sea urchin eggs (Warburg, 1914fr) is known to in-

troduce large errors into the method (Alsterberg, 1926). Previous

work on the effect of carbon dioxide upon the rate of oxygen consump-
tion of single cells appears, therefore, to be not entirely satisfactory

and a reinvestigation of the question by other methods has seemed de-

sirable. In the experiments here recorded, the technique employed was

that developed by Novy and his collaborators (1925) for bacterial

respiration, and modified by Amberson (1928) for the respiration of

unicellular animal organisms.

EXPERIMENTSWITH PARAMECIUM

A thick suspension of the protozoa was obtained by placing several

liters of culture in a large glass cylinder which was illuminated near
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the top by rays of light from a sixty-watt electric light bulb. The

organisms under these conditions swim to the top, and may be siphoned

off in great numbers. The suspension so obtained was then centrifuged

at two thousand revolutions a minute for ten to twenty seconds. The

centrifuge was stopped suddenly to prevent the organisms from swim-

ming from the bottom of the centrifuge tubes before the supernatant

fluid could be decanted. The sediment of protozoa was washed in

several changes of boiled, cooled, filtered pond water. The suspension

in its final form must have been relatively free from bacteria, because

control experiments with the cells absent showed no measurable oxygen

consumption. The cultures were never pure, but P. caudatum always

constituted at least 95 per cent of the protozoa present. The original

culture of Paratnecium was obtained from Dr. William Canovan of

the Zoology Department of the University of Pennsylvania.

In order to obtain two suspensions containing approximately the

same number of cells, a calibrated glass
"

mixer
" was used. This con-

sisted of a glass tube three-quarters of an inch in diameter, fitted at

each end with a ground glass stopper. It was separated into two

chambers of about twenty cc. capacity by a stopcock, the bore of which

was of the same diameter as the tube. The suspension was poured
into and out of the

"
mixer

"
eight to ten times with one stopper

in place and with the stopcock open. After pouring the suspension

in for the last time, the second stopper was inserted and the stopcock

turned before the protozoa had an opportunity to change their distri-

bution. The suspensions on each side of the stopcock were then poured
into two calibrated cylindrical glass vessels of about the size and shape
of Haldane gas collecting tubes. These tonometers were fitted with

three-way stopcocks at both ends. Twenty-five cc. of boiled, cooled,

filtered pond water were added to each tonometer.

Gas mixtures were made up in two twenty-one- liter bottles so ar-

ranged that, when air or nitrogen was forced into one, the water con-

tained therein passed into the second bottle, displacing the gas mixture

which had previously been made up to approximately the desired per-

centage of oxygen and carbon dioxide. While the water contained in

these bottles absorbed a certain amount of the gas mixtures above it,

the gas tensions were determined from samples of the gas after it

had passed through the tonometer, and immediately before the tonometer

was closed. Any changes in gas tension occurring within the bottles

did not, therefore, result in errors in the respiratory determinations.

At the beginning of an experiment, the gas mixture was slowly bub-

bled through one of the suspensions. Temperature equilibrium was
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achieved by placing the tonometers in a water bath at the same tem-

perature as that at which the respiration was to be measured (25.6

0.3 C). Every few seconds the passage of the gas was suspended and,

with the stopcocks closed, the tonometer was gently rocked to hasten

the attainment of equilibrium. After such a procedure, a drop of

water was left in the capillary part of the tonometer which leads to

the stopcock. When the tonometer was opened to the outside air, the

drop was displaced inwards, because the pressure within the tonometer

was less than atmospheric, due to the absorption of gases by the sus-

pension. Passage of the gas mixture was continued until the drop was

no longer displaced. A sample of the gas mixture, after it had passed

through the tonometer, was now collected in a Bailey sampling bottle.

Care was exercised to prevent the presence of a positive pressure within

the tonometer. The stopcocks were then closed and the tonometers

were placed in a second water bath. The tonometers were rotated upon

their long axes sixty times a minute. No cellular destruction or ab-

normal behavior was observed. The same cultures were used even-

second or third day.

While the first suspension was undergoing the above treatment, the

second suspension was equilibrated in the same water bath with air,

by connecting one end of the tonometer with a compressed air inlet

or a water pump. After approximately the same length of time as was

required for the equilibration of the tonometer containing carbon dioxide,

an air sample was secured, the stopcocks were closed, and the tonom-

eter was placed in the rotator. The two tonometers rarely differed by

more than five to ten minutes in their starting times. At the end of

two to four hours, the tonometers were removed from the water bath

and a sample of the contained gas was withdrawn in a Bailey collector,

and set aside for later analysis. Respiratory exchanges were calculated

for three-hour experiments.

The gas samples were analyzed in duplicate by means of a Halclane-

Henderson analyzer with a nitrogen side tube, the principle being that

employed in Bazett's modification (1928). The analyses were con-

trolled by daily air analyses, and were accurate to 0.03 to 0.04 per cent.

Assuming the gaseous solubilities to be those given by the standard

tables for pure water at this temperature, the total oxygen and carbon

dioxide present at the beginning and at the end of the experiment in

both air and water were calculated, the usual correction for barometer,

water vapor, etc., being applied. The results of a typical experiment

are as follows :
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SAMPLE EXPERIMENT

Tonometers VI V
Volume of tonometers 99.36 cc. 99.47 cc.

Volume of suspension 45.01 cc. 45.01 cc.

Gas-analysis at beginning
Oj. ." 20.91% 19.29%
CO2 0.04% 7.50%
N2 79.05% 73.21%

Gas analysis at end (corrected for volume change)
2 18.71% 17.22%

CO2 0.88% 8.61%
N2 ... 79.05% 73.21%

Oxygen in air and water

at beginning 11 .626 cc. 10.746 cc.

at end 10.403 cc. 9.593 cc.

Oxygen consumption 1.223 cc. 1.153 cc.

Carbon dioxide in air and water

at beginning 0.036 cc. 6.788 cc.

at end 0.793 cc. 7.789 cc.

Carbon dioxide production 0.757 cc. 1.001 cc.

Volumes corrected to dry values at C. and 760 mm. Hg
Oxygen consumption 1.081 cc. 1.019 cc.

Carbon dioxide production 0.669 cc. 0.885 cc.

Respiratory quotient 0.618 0.868

Oxygen tension in mm. Hg 153.4-137.2 141.5-126.3

Carbon dioxide tension in mm. Hg 0.3- 6.4 55.0-63.1

V
Ratio oxygen consumption = 0.942

V
Ratio carbon dioxide production = 1.322

V I

The results obtained in forty-five experiments are given in Table

I and Fig. 1. Tt will be noted that at a carbon dioxide tension of about

15 mm. Hg, the curve of the rate of oxygen consumption rises, reaching

a maximum at approximately 40 mm. Hg and, crossing the line of

the control rate of oxygen consumption at about 67 mm. Hg, falls away
at the higher tensions.

Examination of the tonometers with a low powered binocular micro-

scope showed that an exposure of three hours to a carbon dioxide

tension of about 150 mm. Hg noticeably decreased the motility of the

protozoa. At about 220 mm. Hg the cells became shorter and thicker

and the nuclei became more clearly visible, standing out sharply from

the rest of the protoplasm. When the animals were subjected to a

tension of 250 mm. Hg for three hours, some were irreversibly affected

by the gas.

In all experiments, the oxygen tension was kept above 62 mm. Hg.
Amberson (1928) has shown that the rate of oxygen consumption of

Paramecium is constant between 200 and 50 mm. Hg partial pressure,

so it is unlikely that the results here reported were due to a lack of
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TABLE I

Respiration of Paraincciuin at Different Carbon Dioxide Tensions

Experi-
ment
No.
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20
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7.50
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5.30

120

5.01

180

4.81

240

4.69

300

4.59

360

4.50

FIG. 1. The effect of carbon dioxide upon the oxygen consumption of

Paramcchim.
Abscissa : upper row of figures = mm. Hg carbon dioxide tension,

lower row of figures = pH.
oxygen consumption in carbon dioxide tonometer

Ordmate=:- r T .

oxygen consumption in control or air tonometer
- = carbon dioxide experiments.= hydrochloric acid experiments.

oxygen. It is, of course, possible that the oxygen tension at which the

effects of oxygen deficiency appear, may not be the same in the presence

of high tensions of carbon dioxide as in the relative absence of this

gas. If the above experiments had been carried out in the region of

oxygen deficiency, however, even slight increases in the oxygen tension

would have resulted in an increased rate of oxygen consumption. That

this was not the case is shown by a comparison of experiments 18 and

19 (Table II) which show that when the oxygen tension in tonometer

B (C(X) in experiment 18 was 62 per cent greater than that in tonom-

eter B (CO 2 ), experiment 19, the differences in the rates of oxygen

consumption lay within the error of the method. The carbon dioxide

tensions in the two tonometers B (CO 2 ) do not differ by enough to

affect appreciably the rates of the oxygen consumption in the two ex-

periments.

TABLE II
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The average of the respiratory quotients obtained in air in forty-

eight determinations was 0.62. This is somewhat lower than the av-

erage value 0.69 obtained by Amberson (1928) in fourteen experiments.

An examination of the respiratory quotients in the presence of different

carbon dioxide tensions (Table I) shows that these values fluctuate ir-

regularly between 0.32 and 2.81. When the forty-two experiments,

carried out at different carbon dioxide tensions, and their controls are

arranged in seven groups of six experiments each, and the respiratory

quotients, and ratios of oxygen consumption and carbon dioxide pro-

duction averaged, Table III is obtained. It will be seen that the rate

of carbon dioxide production in the presence of carbon dioxide does

not decrease as does the rate of oxygen consumption, but remains rela-

tively constant. As a consequence, the respiratory quotients rise pro-

gressively as the carbon dioxide tension is increased.

TABLE III

Summary of Experiments in Table I (Paramccnim candatnm)

Group



INFLUENCE OF CO, ON OXYGENCONSUMPTION 55

Boiled, filtered, cooled, pond water was equilibrated at different

carbon dioxide tensions, and the hydrogen ion concentrations determined

electrometrically, using a closed quinhydrone electrode (Fig. 2). The

pond water, though poorly buffered, contained bicarbonate in a concen-

tration approximately 0.00014 M. This was sufficient to give relative! v

stable potentials. The pH readings were accurate to 0.04 of a pH unit

as shown by determinations made upon known solutions and by com-

paring a series of readings.

FIG. 2. Closed quinhydrone electrode.

To obtain hydrogen ion concentrations by means of hydrochloric

acid, corresponding to those produced by carbon dioxide, pond water

was made bicarbonate free by adding concentrated hydrochloric acid

to bring it to a pH of 3 to 4, and aerated over night. It was then re-

turned to the desired pH by the addition of concentrated sodium hy-
droxide.

The calculations of oxygen consumption and carbon dioxide pro-
duction at different pH values appear in Table IV and Fig. 1. These

results indicate that hydrochloric acid has no effect upon the respiration

of P. caudatum at pH values as low as 4.5. The protozoa appeared
in no way injured by these experiments.
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TABLE IV

The Effect of Hydrochloric Acid on the Respiration of Paramecium

Experi-
ment
No.
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0.3 C. Initial gas samples were secured in Bailey bottles as in the

experiments with Paramecinin. The tubes were then rotated on their

long axes thirty to sixty times a minute at the equilibration temperature.
Under these conditions the eggs were evenly distributed throughout
the suspension. Cleavage proceeded in the normal manner, but it

was somewhat delayed in time. A quantitative study of the retardation

in cleavage at different carbon dioxide tensions will be published else-

where by Haywood and Root ( 1930) . Eighty to one hundred per cent

cleavage was obtained in all the air tonometers except those indicated

in Table V. Cytolysis during the experiments was not observed when
fertilized eggs were used, although unfertilized eggs were found to be

extremely fragile.

TABLE V
Respiration of Fertilized Arbacia Eggs at Different Carbon Dioxide Tensions
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In the experiments whose duration deviated from three hours, the

respiratory exchange was calculated for this time. At 20 C.. the first

cell division occurred about one hour after fertilization in the control

tonometers. At the end of two hours the cells were in the four and

eight cell stages ;
at the end of three hours, they were in the sixteen

and thirty-two cell stages. The material was not, therefore, unicellular

throughout the whole experiment. No differences were observed in

the effects of carbon dioxide upon the rate of oxygen consumption in

experiments in which the egg had started to cleave before introduction

into the tonometers, as compared with eggs which, had not started to

cleave at that time.

At the end of the experiment, samples of gas were secured from

both tonometers and analyzed. The amounts of oxygen and of carbon

dioxide in the gas and in the sea water were then calculated for the

beginning and for the end of the experiments. For this calculation, the

absorption coefficients for oxygen and carbon dioxide in sea water given

by Kriimmel (1907) were used.

The results obtained in twenty-nine experiments are given in Table

V and shown graphically in Fig. 3. It will be observed in Fig. 3

FIG. 3. The effect of carbon dioxide upon ihe oxygen consumption of fer-

tilized Arbacia eggs.
Abscissa and ordinate as in Fig. 1.

= carbon dioxide experiments.
-= hydrochloric acid experiments.

that, for each 10 mm. increase in the carbon dioxide tension up to

30 mm. Hg, there is a 21 per cent decrease in the rate of oxygen con-

sumption. Above 30 mm. Hg, further increases in the carbon dioxide

tension have a relatively slight effect upon the rate of oxygen con-

sumption.
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The average of the respiratory quotients obtained in air in thirty-two

determinations was 0.71, which is lower than the average value of 0.78

obtained by Amberson (192S) in twenty experiments. The respiratory

quotients in the presence of carbon dioxide must be interpreted with

caution, for they range irregularly between 0.14 and 1.29. When the

twenty-five carbon dioxide experiments in Table V are arranged in five

groups of five experiments each, and the respiratory quotients and

ratios of oxygen consumption and carbon dioxide production averaged.

Table VI is obtained. It may be observed that, in the presence of

carbon dioxide, the respiratory quotients are slightly higher than the

control values up to 60 mm. Hg carbon dioxide tension. Above this

tension, the respiratory quotients are lower. The carbon dioxide pro-

duction and the oxygen consumption both decrease as the carbon dioxide

tension increases.

TABLE VI

Summary of Experiments in Table V (Fertilized Arbacia Eggs)

Group
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The results of these experiments show a noticeable, but much smaller

depression of the rate of oxygen consumption beginning at about pH
6.2 (corresponding to 35 mm. Hg carbon dioxide tension), and falling

to about 62 per cent of the control at pH 5.6 (corresponding to that

of sea water in equilibrium with carbon dioxide at 140 mm. Hg).

(Table VII and Fig. 3.)

TABLE VII

The Effect of Hydrochloric Acid on the Respiration of Fertilized. Arbacia Eggs
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the rate of oxygen consumption of fertilized Arbacia eggs and Parame-

cium may perhaps he interpreted as due to differences in the ability of

the two acids to penetrate the cell membrane, and to produce within

the cell changes in pH, though it is, of course, possible that the rela-

tively profound effect of carbon dioxide upon the rate of oxygen con-

sumption of these cells may be due to some other specific effect of its

molecule.

The respiratory quotients of Paramecium rise progressively as

the carbon dioxide tension is increased (Table III). It is possible

that the suppression of oxidations under these conditions results in the

production of acid metabolites which drive out carbon dioxide from

bicarbonate contained in the cells and in the surrounding medium. The

respiratory quotients of the sea urchin eggs, however, do not increase

in the presence of high carbon dioxide tensions (Table VI). In these

cells it is possible that acid substances are not produced when the rate

of oxygen consumption is decreased by carbon dioxide, or that such

acid substances may be rapidly reconverted into a non-acid form so

that they do not accumulate in appreciable amounts. It would appear,

assuming the absence of gross errors, that the respiratory reactions

of the two cells to carbon dioxide differ.

I wish to express my appreciation for the interest and stimulating

suggestions made by Dr. W. R. Amberson, under whose direction these

experiments were performed.

SUMMARY

1. The respiratory exchanges of Paramecium caudatum and the

fertilized eggs of Arbacia pitnctnlata have been studied by the method

of gas analysis.

2. WhenPararucciitin is exposed to different gas mixtures containing

carbon dioxide at progressively increasing tensions, the rate of oxygen

consumption increases slightly at the lower tensions and decreases at

the higher tensions. The rate of oxygen consumption of fertilized

Arbacia eggs is depressed by carbon dioxide at all of the tensions studied.

3. Moderate changes in the pH of the surrounding medium pro-

duced by hydrochloric acid have no apparent effect upon the rate of

oxygen consumption of Paramecium. Similar changes in pH produced

by hydrochloric acid diminish the rate of oxygen consumption of fer-

tilized Arbacia eggs, although less markedly than does carbon dioxide

at the same hydrogen ion concentration. The greater effectiveness of

carbon dioxide in producing changes in the respiratory rate is presum-

ably related to its greater penetrating power.
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